INTRODUCTION
============

The average life span of human beings is gradually increasing with the development of science and medicine \[[@B1]\]. As a result, the elderly account for a significant portion of the population, and their quality of life has become a social concern. In the aging process in men, andropause, recently named symptomatic late-onset hypogonadism \[[@B2]\], affects quality of life, causing detrimental physiological and mental effects \[[@B3]\]. The common clinical symptoms of andropause are lethargy, decreased sense of well-being, reduced physical and mental activity, diminished libido, increased sweating, depressive mood, reduced muscle and bone mass or even osteoporosis, erectile dysfunction, and mild anemia \[[@B4]\]. It is believed that these symptoms are caused by reduced production of hormones including testosterone and dihydrotestosterone (DHT) \[[@B5]\]. Therefore, andropause is generally defined by a serum total testosterone level less than 3.5 ng/mL or a free testosterone level less than 72 pg/mL in a man of advancing age with various andropause symptoms \[[@B6],[@B7]\].

It is known that a low level of testosterone, such as that which occurs in andropause, induces rapid cell death in the prostate by the activation of apoptosis and this, in turn, results in the reduction of prostate weight and size \[[@B8]-[@B10]\]. This effect is not limited to only the sexual organs but also affects several other organ systems. In addition, this effect is known to be associated with various mental and physical changes in andropause. The activation of apoptosis inducing rapid cell death in the prostate is known to be mediated by a genetically regulated process, one that requires the expression and subsequent action of discrete gene products and coregulatory molecules to proceed \[[@B11]\]. Furthermore, having low testosterone induces oxidative stress \[[@B12]\], which is known to be one of the triggers of apoptosis \[[@B13]-[@B15]\]. Considering all this, apoptosis in andropause may be mainly mediated by the activation of the critical signaling pathway of apoptosis, which is genetically regulated. We also suggest that the oxidative stress induced by a low level of testosterone may be another inducer of apoptosis, and this may partly contribute to the overall apoptosis in the prostate under andropausal conditions.

Anthocyanin is a water-soluble natural pigment that appears as red, purple, and blue in plants and belongs to the flavonoid parent class of molecules \[[@B16]\]. It is known that anthocyanin leads to the removal of superoxide, singlet oxygen, peroxide, hydrogen peroxide, and the hydroxyl radical. It also results in stabilizing or inactivating free radicals and preventing cellular oxidative stress \[[@B16],[@B17]\]. Therefore, we presumed that anthocyanin supplementation may be effective in preventing rapid cell death by apoptosis induced by oxidative stress.

To confirm our hypothesis, we evaluated the oxidative stress and apoptosis of the prostate in an animal model of andropause and assessed the beneficial effect of anthocyanin extracted from the seed coat of the black soybean in preventing the induction of apoptosis by decreasing oxidative stress.

MATERIALS AND METHODS
=====================

1. Preparation of anthocyanin
-----------------------------

The anthocyanin extracted from the seed coat of the black soybean used in our experiments was supplied by the Rural Development Administration (Suwon, Korea). The anthocyanin was extracted and analyzed by the same methods used in our previous study \[[@B18]\].

2. Animal groups and treatment protocol
---------------------------------------

Thirty-six 12-week-old male Sprague-Dawley rats were treated under a protocol approved by the Institutional Animal Care and Use Committee (CUMC-2010-0152-01) and handled according to NIH guidelines. The rats were divided equally into three groups (n=12 in each): control (Group I), andropause (Group II), and andropause treated with anthocyanin (Group III). To induce a low testosterone state similar to andropause, all of the rats in Group II and III underwent bilateral orchiectomy. After the bilateral orchiectomy, the rats in Group III were treated with oral anthocyanin (160 mg/kg daily) dissolved in 1 mL of distilled water and administered orally through an 8F red Rod-Nel catheter once a day for 8 weeks. After 8 weeks, all of the rats were sacrificed, the blood was sampled by puncturing of the inferior vena cava, and the prostates were excised and weighed. The oxidative stress and apoptosis were analyzed in the serum and prostates from all of the rats.

3. Measurement of oxidative stress in serum
-------------------------------------------

To evaluate the oxidative stress, we measured the total activity of superoxide dismutase (SOD). The total activity of SOD in serum was determined using a SOD assay kit-WST (Dojindo Molecular Technologies, Kumamoto, Japan), which estimates SOD activity by measuring the inhibition of xanthine oxidase activity. Briefly, in a 96-well plate, 20 µL of sample solution was added to each sample and blank \#2 well, and 20 µL of double distilled water was added to each blank \#1 and blank \#3 well. Then 200 µL of WST working solution was added to each well. After mixing, 20 µL of dilution buffer was added to each blank \#2 and blank \#3 well, and 20 µL of enzyme working solution (15 µL of enzyme mixed with 2.5 µL dilution buffer) was added to each sample and blank \#1 well. The plate was incubated at 37℃ for 20 minutes, and the optical density was determined at 450 nm using a microplate reader (Bio-Rad Model 550; Bio-Rad Laboratories, Hercules, CA, USA). The SOD-like activity was calculated by the following equation: SOD activity (%)=\[{(A blank1-A blank3)-(A sample-A blank2)}/(A blank1-A blank3)\]×100.

4. Terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling assay
------------------------------------------------------------------------------

To assess apoptosis in the prostate tissues, a terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) assay was performed using the TMR red *in situ* cell death detection kit (Roche Diagnostics, Mannheim, Germany). Tissue preparation for the detection of apoptotic bodies was performed according to the manufacturer\'s protocol. After the TUNEL assay, prostate tissue sections were examined using a fluorescent microscope. The apoptotic index was calculated as the ratio of the number of cells per field stained with 4,6-diamidino-2-phenylindole and the number of cells per field with red fluorescence (TUNEL positive).

5. Data analysis
----------------

The data were analyzed statistically and expressed as the mean±standard deviation. The statistical analysis was performed using SPSS version 12.0 for Microsoft Windows software (SPSS Inc., Chicago, IL, USA). The Kruskal-Wallis test and Mann-Whitney U test were used for statistical analysis. The level of significance was set at p\<0.05.

RESULTS
=======

1. Mean prostate weight of andropause and andropause treated with anthocyanin
-----------------------------------------------------------------------------

The mean prostate weights of Group II and III were significantly lower than that of Group I (p\<0.001). However, there was no significant difference between Group II and III (p=0.078) ([Table 1](#T1){ref-type="table"}, [Fig. 1](#F1){ref-type="fig"}).

2. Pathohistological findings
-----------------------------

In Group I, one layer of low columnar epithelial cells formed a secretory lumen, and the lumen was filled with thin acidophilic materials. Undeveloped epithelial cells forming the prostate gland were arranged as a single layer ([Fig. 2A](#F2){ref-type="fig"}). In Group II and III, all acini of the prostate gland were diffusely atrophic. In Group II, each atrophic acinus formed a relatively defined round shape and were separated from each other by a thick fibrohyaline collar and stromal fibrosis ([Fig. 2B](#F2){ref-type="fig"}). In contrast with Group II, Group III showed variably sized and shaped acini closely packed together and lined by atrophic epithelium. The fibrohyaline collar and stromal fibrosis separating each acinus were reduced ([Fig. 2C](#F2){ref-type="fig"}).

3. Comparison of oxidative stress
---------------------------------

The level of oxidative stress in serum was assessed by measuring the total activity of the SOD. A significant increase in oxidative stress was found in Group II compared with Group I (p\<0.001). In Group III, however, the oxidative stress was significantly improved compared with Group II (p\<0.001) ([Table 1](#T1){ref-type="table"}, [Fig. 3](#F3){ref-type="fig"}).

4. TUNEL assay for apoptosis
----------------------------

Group II exhibited a mean apoptotic index that was higher than that of Group I (p\<0.001). Compared with Group II, significantly fewer cells were stained positively in the TUNEL assay in Group III ([Table 1](#T1){ref-type="table"}) ([Fig. 3](#F3){ref-type="fig"}). Representative images are shown in [Fig. 4](#F4){ref-type="fig"}.

DISCUSSION
==========

The prostate is a male exocrine sexual accessory organ composed of secretory and non-secretory epithelial cells, fibroblasts, smooth muscle, nerves, and endothelial cell types interacting to form a branching ductal network \[[@B19]\]. It requires androgenic steroids including testosterone and DHT for its appropriate embryological formation and postpubertal growth, and once at adult size, remains dependent on a continuous supply of androgens for its vitality and function \[[@B20]\]. A reduction of the levels of circulating androgens will rapidly induce apoptosis of the cells of the prostate, leading to extensive glandular regression \[[@B8]\]. Given that prostate growth is entirely dependent on the level of testosterone and that castration by bilateral orchiectomy leads to serum testosterone levels below 1 ng/mL \[[@B21]\] similar to a state of andropause, we concluded that the evaluation of apoptosis and oxidative stress in the prostate were appropriate for our study aims of evaluating the effect of anthocyanin in andropause.

In this study, we hypothesized that with aging, oxidative stress in the human body is increased, and when oxidative injury caused by free radicals cannot be prevented by the antioxidant system, aging occurs \[[@B22]\] and this leads to cellular dysfunction or cell death in various organs including the Leydig cells of the testes. This change, causes decreased testosterone production, which may lead to atrophy of the prostate by the activation of the critical signaling pathway of apoptosis. Furthermore, reduction of the levels of circulating testosterone leads to increasing oxidative stress, and we thought that this condition might be another inducer of apoptosis. This apoptosis may induce andropause and a decrease in prostate weight. In addition, we presumed that when oxidative stress accumulates and protection by endogenous antioxidants is insufficient for maintaining optimal cellular function, it is necessary to supply exogenous antioxidants \[[@B23]\] to help protect the human body from oxidative injury and possibly suppress the progression of aging. Supplementation of antioxidants may also have a protective effect on the oxidative stress induced by a low level of testosterone, and this may prevent rapid cell death in the prostate by activating apoptosis.

The main findings of the present study were as follows: (1) Prostate weight was markedly decreased after bilateral orchiectomy. However, the supplementation of anthocyanin did not prevent the reduction of prostate weight; (2) oxidative stress was markedly increased after bilateral orchiectomy but was reduced after supplementation with anthocyanin; (3) apoptosis was also significantly increased after bilateral orchiectomy, but anthocyanin supplementation reduced the induction of apoptosis in the prostate.

Oxidative stress reflects an imbalance between the systemic manifestation of reactive oxygen species and a biological system\'s ability to readily detoxify the reactive intermediates or to repair the resulting damage. Disturbances in the normal redox state of cells can cause toxic effects through the production of peroxides and free radicals that damage all components of the cell including proteins, lipids, and DNA. This is thought to result in the loss of cellular and tissue function.

Several studies have shown that oxidative stress developed with low testosterone \[[@B12]\]. In our study, oxidative stress was increased by bilateral orchiectomy, and this condition was then improved after supplementation with anthocyanin. We thus concluded that castration by bilateral orchiectomy results in oxidative stress, and the improvement in oxidative stress was due to the antioxidant effect of the anthocyanin.

In this study, we used anthocyanin as an exogenous antioxidant. As described in the introduction, anthocyanin has an antioxidant effect and is known to be a novel antioxidant. It is also known that anthocyanin accelerates the antioxidant response element-regulated phase II enzyme activity, which is important for the protection of normal cells from oxidative stress \[[@B24]\]. We concluded that the reduction of oxidative stress after anthocyanin supplementation observed in our study was likely due to these actions of anthocyanin.

In this study, the apoptotic index was significantly higher in Group II than Group I and was significantly reduced in Group III.

Apoptosis, or programmed cell death, is a naturally occurring cell death process, essential for the normal development and homeostasis of all multicellular organisms \[[@B25]\]. It can be triggered by numerous factors including receptor-mediated signals, withdrawal of growth factors, and anti-tumor drugs; under certain conditions, DNA damage. Also the oxidative stress is known as one of these triggers \[[@B13]-[@B15]\].

In apoptosis by castration, several reports have shown that a critical cell signaling pathway, regulated by c-Fos expression \[[@B26],[@B27]\], is present, and this signaling induces an abrupt and transient alteration in the synthesis of Fas antigen, p53, the Bax and Bcl-2 proteins in the androgen receptor-expressing prostate epithelial cells \[[@B28]-[@B30]\]. It is also believed that the above changes after castration participate in inducing the activation of apoptosis and result in decreasing the prostate weight.

In our study, oxidative stress and apoptosis were decreased but the prostate weight was not improved after anthocyanin supplementation. Given all these results, we concluded that the apoptosis in the prostate of the castrated rat must be mainly mediated by the activation of the critical signaling pathway of apoptosis induced by a low level of testosterone. We also suggest that the oxidative stress induced by low testosterone may be another inducer of apoptosis, and this may partly contribute to the overall apoptosis in the prostate of the castrated rat. We expected that if oxidative stress participates directly or indirectly in the critical signaling pathway of apoptosis, the prostate weight should be improved after anthocyanin supplementation. However, the prostate weight was not improved. This may indicate that oxidative stress induces apoptosis independently from the activation of the critical signaling pathway of apoptosis. In addition, it may be that the prostate weight was not improved because supplementation with anthocyanin may have a limited effect on the extent of apoptosis induced by oxidative stress among all the factors triggering apoptosis in the prostate of the castrated rat.

We note that our study has some limitations. First, the relationship between apoptosis and the administration of anthocyanin in our previous study and the present study were opposite. In our previous study, we reported that the administration of anthocyanin in rats with induced prostatic hyperplasia increased the induction of apoptosis and resulted in the reduction of the prostate weight \[[@B18]\]. However, in the present study, we found that the supplementation of anthocyanin in the rat model of andropause reduced oxidative stress and decreased the induction of apoptosis. These conflicting results may have arisen from the homeostasis of the living organism. Homeostasis is a process in which the body\'s internal environment is kept stable, despite changes by external stimulation. Benign prostatic hyperplasia (BPH) and the rapid cell death of the prostate in andropause may be interpreted as an unstable condition. To maintain a stable condition, a series of processes would be needed such as anti-proliferation and an increase in apoptosis with BPH and a decrease in apoptosis with andropause. Furthermore, the antioxidant effect of anthocyanin may be related to those processes. Therefore, we presumed that a living organism may use a given substance to maintain a stable condition and the results of its application, according to the state of the unstable condition (proliferation or apoptosis), could be the opposite under differing conditions despite the same mechanism of the substance. If anthocyanin functions as a stabilizing agent, this could explain the conflicting results of our two studies. To confirm this hypothesis, future studies should involve more in-depth experiments to identify the relationship between homeostasis and the series of processes that occur during the treatment of andropause.

Second, oxidative stress may be another trigger for apoptosis, and the antioxidant effect of anthocyanin might reduce the apoptosis induced by oxidative stress. It is obvious that oxidative stress can be one of the triggering factors of apoptosis \[[@B13]-[@B15]\] and under certain conditions, anthocyanin has an antioxidant effect \[[@B16],[@B17]\]. However, the mechanism of apoptosis in the prostate of the castrated rat has not yet been clearly elucidated, and anthocyanin has a varying association with apoptosis. Therefore, to assess the usefulness of anthocyanin as an exogenous antioxidant in andropause, further investigation of the mechanism of apoptosis that occurs with low testosterone and the specific effects of anthocyanin in that context are needed. A better understanding of these relationships may lead to a clinical application of an antioxidant that would be effective in preventing rapid cell death in andropause.

CONCLUSIONS
===========

The findings of this study show that the oxidative stress induced by a low level of testosterone may be one trigger of apoptosis in the prostate in an andropause animal model. Although anthocyanin supplementation did not prevent apoptosis enough to improve decreasing prostate weight, the anti-apoptotic effect induced by the antioxidant reaction of anthocyanin may have still been available at the cellular level. We believe that anthocyanin supplementation could contribute to preventing rapid cell death by apoptosis in andropause.
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![Prostate weights in each experimental groups. Group I: control group, Group II: andropause, Group III: andropause treated with anthocyanin. ^a^Significant difference (p\<0.05) compared with the Group I.](wjmh-31-239-g001){#F1}

![H&E stain of the prostate in each experimental groups. (A) It shows normal prostate gland (Group I). (B) All acini of the prostate gland were diffusely atrophic. Each atrophic acini formed a relatively certain round shape and were separated by thick fibrohyaline collar and stromal fibrosis (Group II). (C) All acini of the prostate gland were diffusely atrophic. The variable sized and shaped acini closely packed together and lined by atrophic epithelium. Also fibrohyaline collar and stromal fibrosis, separated each acini, were decreased (Group III).](wjmh-31-239-g002){#F2}

![Comparisons of the activity of superoxide dismutase (SOD) and apoptotic index in each experimental groups. Group I: control group, Group II: andropause, Group III: andropause treated with anthocyanin. ^a^Significant difference (p\<0.05) compared with the Group I. ^b^Significant difference (p\<0.05) compared with the Group II.](wjmh-31-239-g003){#F3}

![Terminal deoxyribonucleotidyl transferase-mediated dUTP-digoxigenin nick end-labelling (TUNEL) stain in each experimental groups (×200). (A) A fewer cells were stained positively (Group I). (B) Nearly almost cells were stained positively (Group II). (C) Positively stained cells were decreased in Group III compared with Group II.](wjmh-31-239-g004){#F4}
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Changes in prostate weight, activity of SOD and the apoptotic index in the experimental groups
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Values are presented as mean±standard deviation.

Group I: control group, Group II: andropause, Group III: andropause treated with anthocyanin.

SOD: superoxide dismutase.

^a^Significant difference (p\<0.05) compared with the Group I. ^b^Significant difference (p\<0.05) compared with the Group II.
